ABSTRACT
TNF-related apoptosis-inducing ligand (TRAIL, TNFSF10) is a cytokine belonging to the TNF superfamily that has been recently linked to the pathogenesis of diabetic nephropathy. TRAIL may modulate cell survival and proliferation through interaction with two different receptors, TRAIL-R1 and TRAIL-R2, and the actions of TRAIL are regulated by three decoy receptors, TRAIL-R3, TRAIL-R4 and osteoprotegerin. Both TRAIL and their receptors are expressed by renal cells. In diabetic nephropathy the glomerular and tubulointerstitial expression of TRAIL is increased, and in tubular cells proinflammatory cytokines enhance TRAIL expression. Additionally, a high glucose microenvironment sensitizes tubular cells to apoptosis induced by TRAIL. Renal expression of OPG is increased in diabetic nephropathy and OPG counteracts the actions of TRAIL in cultured cells. Overall these data point to a role of TRAIL in the pathogenesis of diabetic nephropathy through interactions with other cytokines and hyperglycemia.
INTRODUCTION
Chronic kidney disease is characterized by a progressive loss of renal function leading to end-stage renal disease requiring substitution of renal function by dialysis or transplantation. The social and economic costs of these therapies are staggering. In addition, chronic kidney disease shortens survival and many patients die of diverse causes before reaching end-stage renal disease (1). The pathological substrate of chronic kidney disease is a progressive loss of parenchymal renal cells including glomerular and tubular cells. Apoptosis has been shown to contribute to renal cell loss (2) and it is associated with chronic inflammation and fibrosis. A better understanding of the molecular mechanisms leading to the loss of parenchymal renal cells may identify new targets for therapeutic intervention aimed at slowing the progression of renal disease. Cytokines belonging to the TNF superfamily are key regulators of cell survival, inflammation and fibrosis. Among them, a role for TNF and Fas ligand in the pathogenesis of renal injury has been clearly established (3, 4) . We now review recent data on the involvement of TRAIL, another member of the TNF superfamily, in the pathogenesis of renal injury. We specially centre our attention in diabetic nephropathy (DN), the most common cause of end-stage renal disease.
THE TRAIL/TRAIL-RECEPTOR SYSTEM
3.1. The TRAIL cytokine TRAIL was originally identified by two independent groups as the third member of the TNF superfamily to induce apoptosis (5, 6) . TRAIL is a type II trans-membrane protein of 281 and 291 amino acids in the human and murine forms respectively, with an expected molecular mass of 33-35 kDa. Membrane-bound TRAIL can be cleaved from the cell surface to form a soluble trimeric ligand that retains the proapoptotic activity (5) . Focus on this cytokine fired up when it was shown that TRAIL can rapidly induce apoptosis in a wide variety of human cancer cell lines and primary tumors, showing minimal or absent toxicity on normal cells (5, 7) . Currently, TRAIL itself and other TRAIL-receptors (TRAIL-Rs) agonists are in clinical trials as novel anti-cancer therapeutics (for recent reviews on the topic (8) (9) (10) ).
TRAIL expression is induced on the surface of activated immune cells, such as natural killer cells, T cells, macrophages and dendritic cells (11) . Studies with knockout mice for TRAIL and its apoptosis-inducing receptors revealed a main role for TRAIL as an immune effector molecule that mediates anti-tumor cytotoxicity and immune surveillance (summarized in (12) ). In agreement with its tumor selective properties, TRAIL is normally expressed in many human tissues including liver, colon, heart, kidney, lung and testis, which suggests that TRAIL must not be cytotoxic to most tissues in vivo under normal physiological conditions (5, 13) . However, data from knockout mice suggest that TRAIL may induce apoptosis in normal cells immersed in an inflammatory environment (14) . Recently, two novel splice variants, TRAIL-alpha and TRAIL-beta, which lack proapoptotic activity, have been described in the human system (15) . Thus, regulation of TRAIL-induced apoptosis through alternative splicing in response to cytokine stimulation could also be involved in the fine tuning of the TRAIL system (16).
TRAIL receptors
TRAIL receptors belong to the TNF receptor family. TRAIL binds to a complex system of receptors compared to other members of the TNF superfamily. Five receptors for TRAIL have been described in human; four of them are membrane-bound and one is a soluble receptor. Of the membrane-bound receptors, TRAIL receptor 1 (TRAIL-R1, also APO-2, DR4) and TRAIL receptor 2 (TRAIL-R2, also DR5, TRICK2, KILLER) (17) contain an intact intracellular death domain (DD) which is a prerequisite for apoptosis induction, TRAIL receptor 3 (TRAIL-R3, also DcR1, TRID, LIT) has a glycosylphosphatidylinositol (GPI) membrane anchor and lacks an intracellular domain and TRAIL receptor 4 (TRAIL-R4, also DcR2, TRUNDD) contains a truncated DD. TRAIL-R3 and TRAIL-R4 lack the capacity to induce caspase-dependent apoptosis and are considered to act as decoy receptors. Different mechanisms for inhibiting TRAIL death-signalling by TRAIL-R3 and -R4 have been proposed, including obstruction of proper preassembly of the receptors before ligand binding, competition for ligand binding, and interference with initiator caspases activation and receptor recruitment (18, 19) . Recent evidence on the biology of TRAIL-R3 and -R4 suggests that they could also be involved in non-apoptotic signalling pathways, which points to a regulatory role for these receptors (20, 21) . In addition to apoptosis, TRAIL is also able to activate antiapoptotic and proliferative pathways (22) . Molecular pathways of apoptosis and survival inducted by the TRAIL/TRAIL-R system will be discussed in detail in the next section.
In addition to its four membrane-bound receptors, there is a fifth TRAIL receptor that lacks cytoplasmic and trans-membrane domains, the soluble decoy osteoprotegerin (OPG, TNFRSF11B)(23). OPG was initially described as a regulator of osteoclastogenesis that binds to the TNF superfamily member receptor activator of NF-kB ligand (RANKL) (24) . Binding of RANKL to its receptor RANK induces differentiation, activation and survival of osteoclasts. OPG acts as a soluble inhibitor preventing RANKL/RANK interaction and subsequent osteoclastogenesis. The fact that OPG acts as a decoy for both TRAIL and RANKL opens the door for potential cross-regulatory mechanisms involving the balance among TRAIL, OPG and RANKL. Indeed, OPG binding to TRAIL inhibits TRAIL/TRAIL-Rs interaction and consequently TRAIL-induced apoptosis; while TRAIL can block the inhibitory activity of OPG on osteoclastogenesis (23) . In vivo, OPG has been implicated in various skeletal and immune disorders as well as diseases affecting both bone metabolism and immune system, such as rheumatoid arthritis (25) (26) (27) . Although at physiological temperature, affinity of TRAIL for OPG is weaker as compared to that for its trans-membrane receptors (28) ; recent studies underlie the biological relevance of the OPG/TRAIL interaction in different in vitro cell systems (29) (30) (31) .
Due to the extensive use of murine models in research, it is worth mentioning that the murine TRAIL/TRAIL-Rs system displays some differences compared to human (Figure 1 ). There is only one receptor for TRAIL with a functional DD, TRAIL-R (also MK, mDR5), that is almost equally homologue to human TRAIL-R1 and TRAIL-R2, thus it can not be regarded as the mouse orthologue of one or the other (32) . The two other murine TRAIL receptors, mouse decoy (mDc) TRAIL-R1 and TRAILR-2, lack a DD in their cytoplasmic domain and are considered to resemble the decoy functions of human TRAIL-R3 and -R4 (33) . However, the overall sequence structure of these receptors is quite different to those of the human decoy TRAIL-Rs, suggesting that the advent of TRAIL decoy receptors is a more recent evolutionary event and points to a benefit in also having non-apoptosis-inducing TRAIL receptors.
TRAIL signalling pathways
Depending on the relative levels of the TRAIL receptors and on the cellular system, TRAIL can exert different functions that, in addition to cell death, include cell survival, proliferation and maturation. We will discuss the set of molecules activated upon receptor engagement and their outcome.
TRAIL binding to TRAIL-R1 and -R2 induces their trimerisation and the recruitment of several adaptor proteins and cysteine-dependent aspartate-specific proteases (caspases) to form a receptor complex named the death-inducing signalling complex (DISC). The first protein recruited to the DISC is the intracellular adaptor protein Fas-associated death domain (FADD, also Mort1) via its DD. In addition to a DD, FADD contains a death effector domain (DED) that binds to the DED of procaspase-8 or -10 (34). Caspases are synthesised as inactive pro-enzymes and recruitment to the DISC induces their activation. Depending on the cell type or cell status, active caspase-8 can induce cell death via the so called "extrinsic pathway" that involves direct cleavage and activation of the downstream effectors caspase-3 and -7; or may require amplification of the death signal via the "intrinsic pathway" through the cleavage of the pro-apoptotic Bcl-2 family member Bid (2) (Figure 2 ). Truncated Bid (tBid) moves to the outer mitochondrial membrane where it is thought to neutralise the anti-apoptotic Bcl-2 family members (Bcl-2 and Bcl-xL) and to collaborate with pro-apoptotic Bcl-2 family members (Bax, Bak), promoting the release of cytochrome c from the mitochondrial intermembrane space to the cytosol (35, 36) . In the cytosol, released cytochrome c binds to the adaptor molecule Apaf-t to form the so-called apoptosome that mediates the activation of caspase-9 and the subsequent cleavage of caspase-3. Other proteins released from mitochondria can promote cell death; it is the case of Smac/Diablo, that interacts with the X-linked inhibitor of apoptosis (XIAP) interfering with its binding to caspase-3 and -7, and thus allowing the full activation of these effector caspases (37) (38) (39) . Apoptosis inducing factor (AIF) is released from the activated mitochondria and travels to the cell nucleus inducing DNA fragmentation and cell death (40) .
TRAIL receptor signalling does not necessarily lead to the activation of effector caspases and subsequent cell death. TRAIL can also signal development or proliferation through the activation of NF-kB, PKB/Akt and MAPK. However, compared to the apoptosis-inducing molecular mechanisms triggered by TRAIL, non-apoptotic TRAIL dependent pathways are poorly understood. TRAIL can activate NF-kB through TRAIL-R1, TRAIL-R2, and, interestingly, through TRAIL-R4 (41-43). The adaptor protein receptor-interacting protein (RIP) has been detected in the TRAIL DISC (44) and it has been shown to be involved in TRAIL-induced NF-kB activation (45) . RIP is recruited to the TNF/TNF-receptor complex via its DD through the adaptor protein TNF receptor 1 associated death domain protein (TRADD), here RIP recruits several signalling proteins, including TRAF2, that is essential for the recruitment and activation of the IKK complex. When activated, this complex phosphorylates inhibitors of kB (IkB), leading to IkB degradation and NF-kB activation. In the context of TRAIL, RIP also interacts with FADD and a possible role for TRAF2 in TRAIL-induced NF-kB activation has been suggested (46), though not completely confirmed (45) . It is difficult to delineate the actual role of NF-kB in TRAIL-mediated signalling due to the pleiotropic effects induced by this transcription factor. In this context, it seems that: i) in cells sensitive to TRAIL-induced apoptosis the ability of TRAIL to activate NF-kB is ineffective in protecting from cell death, though preactivation of NF-kB can confer resistance to TRAILmediated apoptosis; ii) in TRAIL-resistant cells, the predominant signal emanating from TRAIL-Rs would be the activation of NF-kB, and silencing of NF-kB in these cells may not sensitise to TRAIL-induced apoptosis (47, 48) . Expression of the anti-apoptotic factors Bcl-xL, cFLIP and XIAP has been implicated in NF-kB mediated survival against TRAIL (47, 49, 50) . Also, TRAIL has been shown to activate the protein kinase B (PKB)/Akt and the MAPK/ERK pathways (for a review (22)), though the precise molecular mechanisms that link TRAIL-receptor cross-linking to kinase activation are not fully elucidated. The c-Jun NH2-terminal kinase (JNK) belongs to the MAPK family and can be recruited to the TNF receptor-DISC via TRADD-RIP-TRAF2 interaction. JNK activation in response to TRAIL induces death of target cells. However, it is still controversial whether TRAIL-induced JNK activation requires RIP and TRAF2 or involves a different signalling pathway (45, 51) . TRAIL-induced ERK and Akt activation is mainly associated with an anti-apoptotic function that could involve inhibition of caspase-8, processing of Bid (52) , and blocking the release of the proapoptotic factor Smac/DIABLO from mitochondria (53) . Both, PKB/Akt and MAPK/ERK pathways have been involved in the survival and proliferation of different cell types (54, 55) . In particular TRAIL-induced PKB/Akt activation plays a central role in vascular cell biology (56, 57).
EXPRESSION OF TRAIL AND ITS RECEPTORS IN THE KIDNEY

Healthy kidney
Early studies detected TRAIL, TRAIL-R1 and -R2 mRNA expression in the kidney (5, 17) . Immunohistochemistry studies revealed that TRAIL is expressed only in the tubuli but not in the glomeruli of the normal kidney (13) . TRAIL-R1 has a similar pattern of expression to TRAIL, while TRAIL-R2 is additionally expressed in the Henle´s loop (13) . TRAIL-R3 expression was not detected in the normal kidney (13) and there are no reports regarding renal expression of TRAIL-R4. No kidney pathology has been reported in TRAIL knockout mice, suggesting that TRAIL is not required for normal kidney development and physiology (58) . By contrast, OPG deficient mice display calcification of the aorta and renal arteries (59), suggesting that besides its well-known role in bone homeostasis, regulation of OPG may play a role in vascular calcification.
Diseased kidney
Differential expression of TRAIL and its receptors has been reported in kidney injury and renal tumors. However, studies in cultured renal cells are scarce and functional in vivo studies are lacking.
Diabetic nephropathy (DN) is the most common cause of end-stage renal disease and many of the concepts on the pathogenesis and treatment of renal disease have first been elucidated in this form of renal injury. Recent data on microarray analysis of human DN kidney samples showed that TRAIL expression is increased in DN patients and correlates to parameters of kidney injury, such as tubular atrophy (60) . Interestingly, immunohistochemistry of kidney tissue showed de novo TRAIL expression in the glomeruli of the DN samples and increased tubular staining (60) . While the increment in tubulointerstitial TRAIL expression is not specific for DN and it is observed in other human kidney diseases, cell culture studies suggest that the diabetic kidney may be particularly sensitive to the actions of TRAIL. Proinflammatory cytokines, which are expected to be present in any form of chronic kidney disease, induce TRAIL expression in tubular cells. In addition, a high glucose medium, characteristic of diabetes, sensitised tubular cells to the proapoptotic effect of TRAIL (60) . Thus, increased TRAIL expression could contribute to kidney injury through the induction of apoptosis that takes place in the course of DN (61) (Figure 3 ). The level of apoptosis induction achieved by TRAIL in cultured tubular cells is consistent with the loss of renal function over years that characterises DN. In autoimmune diseases, TRAIL is mostly involved in preventing disease progression by inhibiting the auto reactive immune response. Blockage of TRAIL in murine models of autoimmune diabetes (type I diabetes) led to an increased incidence and severity of disease (62) (63) (64) . Thus, depending on the type of diabetes and on the disease stage, TRAIL can have a dual role either as an immune modulator or as a regulatory molecule of tubular and vascular cell survival.
Renal transplantation is the best treatment of some end-stage renal diseases. The major problem associated is rejection or dysfunction of the transplanted kidney. Many cytokines participate in rejection by inducing inflammation or apoptosis. In this sense, TRAIL, TRAIL-R1 and -R2, have been found to be strongly expressed in renal proximal and distal convoluted tubules of rejected kidney tissue. Also, serum soluble TRAIL level in renal transplant patients was significantly higher than that in healthy donors (65) . Consistently with its role in tumor surveillance, TRAIL expression has been found to be lower in renal tumors with poor prognosis than in normal kidney. Also, TRAIL-R1 expression is higher in good prognosis tumors (66) .
Research on the role of TRAIL/TRAIL-Rs in kidney diseases is at its beginning; yet, evidence points to a role of this system in renal cancer and kidney inflammatory and autoimmune diseases. 
OPG: friend or foe?
OPG is a decoy receptor for both TRAIL and RANKL, suggesting a potential role as integrator of the actions of both cytokines. OPG levels are increased in serum of patients with renal dysfunction (67-69), including DN (70, 71) . Increased OPG serum levels are also associated to increased coronary artery and aorta calcification and behave as independent predictor of cardiovascular death in renal transplant recipients, raising concerns of a deleterious effect of OPG (67) (68) (69) (70) 72) . It has been proposed that increased OPG may contribute to endothelial dysfunction, based on cell culture studies that showed interference with actions of RANKL (73) . By contrast, OPG protects insulin-producing cells from apoptosis (74) . A local increment of renal OPG has also been identified in kidneys from patients with chronic renal injury (60) . OPG interferes with TRAIL-induced actions on cultured renal tubular cells and improves cell survival, suggesting that the interplay between TRAIL and OPG might be one of the pathways for OPG to modulate diabetic tissue injury (60) . The contribution of OPG in vivo will probably depend on the relative local tissue levels of both molecules in the cell microenvironment, as it is the case for other cytokine/soluble receptor systems. As an example both TNFα and soluble TNF receptor levels are increased in serum and synovial fluid in patients with rheumatoid arthritis (60, 75) and inhibiting TNFα activity in this disease by soluble TNF receptors has been remarkably successful (76) .
The definitive answer on the in vivo role of OPG in kidney injury is likely to come from clinical trials. Specific clinical trials for OPG on kidney injury cannot be launched based on the currently available evidence; however, careful monitoring of renal function in diabetic individuals treated with OPG for osteoporosis could offer early insights into possible effects of the protein on renal function in vivo. This early promising phase I clinical trials for the treatment of osteoporosis, suggested that different forms of recombinant OPG had beneficial effects on bone resorption and were well tolerated (77, 78) , and opened the way for further clinical trials with OPG, including diabetesassociated bone loss. Unfortunately, the superiority of an anti-RANKL antibody (AMG 162, denosumab) in bone protection, as well as concerns over the potential development of anti-OPG antibodies or interference with the tumor surveillance role of TRAIL have ended any further OPG clinical trials on bone (reviewed in (79)).
PERSPECTIVES
There is recent but scarce information on the role of TRAIL and OPG in kidney. Descriptive human data have localized an increased expression of TRAIL and OPG in the diabetic kidney and other chronic kidney diseases. Cell culture data point to a role of TRAIL in regulating tubular cell death, in cooperation with cytokines and glucose from the cell microenvironment. Interventional in vivo studies would be needed to define more clearly the therapeutic potential of TRAIL activity modulation. Unfortunately, an opportunity to obtain human data has been lost when clinical trials using OPG for the treatment of osteoporosis were abandoned, so studies involving animal models of disease will be helpful. 
